• LNG plant performance gains are predicted using power turbines with improved endwalls.
Introduction
Due to the world's population growth and increased industrial activities, the demand for energy is increasing continuously and is projected to grow at a rising rate. A significant portion of energy is currently produced by firing natural gas (NG) that has undergone liquefaction, so it can be transported long-distance. Advances in the design of natural gas liquefaction cycles and of their individual components are required to improve the performance of the cycle and reduce the natural gas used for driving the cycle. With increasingly environmental concerns, optimizing the use of natural gas plays a fundamental role in reducing CO 2 emissions towards meeting the UNFCCC (United Nations Framework Convention on Climate Change) emissions goals.
The liquefaction process significantly increases the NG density as the liquefied natural gas (LNG) density is about 600 times that of NG [1] . The consequent reduction in volume makes LNG more economically transportable in a closed vessel compared to NG. The boiling point of NG is typically (−162°C) at ambient pressure [2] . Therefore, various cryogenic processes are used for cooling the NG during the liquefaction process. The main cycles are the optimized cascade cycle, the mixedrefrigerant cycle, and the turbo-expander cycle. More details on theses cycles are available in [2] [3] [4] [5] [6] [7] [8] . The LNG cryogenic cycle used in this work is the optimized cascade cycle. This refrigeration cycle is used to provide a very low-temperature refrigeration that cannot be obtained from a single refrigerant due the wide range of operating temperatures. The specific optimized cascade cycle that is studied in this paper was modified by Conoco-Philips [4] .
The coefficient of performance (C.O.P.) of the complete LNG cycle depends mainly on the isentropic efficiency of its turbomachines and on the effectiveness of its heat exchangers [9] . The performance of the power turbine in the cycle significantly affects the overall C.O.P. cycle and can contribute towards meeting the UNFCCC emissions goals. A variety of toolchains is used by power turbine designers, in which the performance and the cost of the design are significantly affected by the parametrization and by the optimization in the workflow.
Computational Fluid Dynamics (CFD) has grown to become an established tool in turbomachinery design. In industry, steady Reynolds Averaged Navier-Stokes equation methods are used in conjunction with mixing planes to provide fast turn-around predictions [10] . This is the approach also used in this work. The time-dependent interaction between stationary and rotating blade rows in axial turbines can be studied by unsteady Reynolds Averaged Navier Stokes equations with sliding meshes [11] or by Large Eddy Simulations [12] . These approaches provide greater information but are still rather expensive for being used in an automated design optimization loop.
A review of the literature shows that many different parametrization processes have been proposed for the endwall of power turbines. Turgut and Camci [13] and Harvey et al. [14] adopted beta-spline and Fourier series based curves in the axial and circumferential directions to define non-axisymmetric endwall shapes. They demonstrated an increase in the turbine efficiency and a clear reduction in secondary flows. Praisner et al. [15] clear reduction in the raw total pressure loss. The reduction of secondary flow losses is an active research area in turbomachinery, as these losses represent around 40% to 50% of the estimated total aerodynamic losses in an axial turbine [16] . Mitigating techniques for endwall secondary flows are reviewed in Kadhim and Rona [17] . This review focused on the non-axisymmetric endwall design as it is the more successful approach for reducing the secondary flows.
Computer-based optimization methods have been used by many researchers for enhancing the system performance of the axial and radial turbines [18] [19] [20] [21] . This use includes the application of computerbased optimization to design hub and casing endwalls of axial turbines. The computer-based optimization of the shape-defining parameters is a key enabler of non-axisymmetric endwall designs. Tang et al. [22] optimized the endwalls of a one-and-half stage axial turbine using a multi-island genetic algorithm, decreasing the total pressure loss across the upstream stator by 10.7% and increasing the stage efficiency by 0.4%. Sun et al. [23] used an aerodynamic optimization technique based on combining endwall profiling parametrization and global optimization, lowering both secondary flow and profile losses.
In this paper, the performance of a cryogenic plant is evaluated using a new NG turbine casing design. The new casing design is introduced based on a novel surface definition method that draws from observations of the typical pattern of secondary flows over the turbine casing. This is the first application of the current parametric casing design to the power turbines of a cryogenic plant. The new casing design technique focuses on manipulating specific flow structures directly. The casing design workflow and the optimization is implemented using Automated Process and Optimization Workbench (APOW) software by General Electric (GE). The C.O.P of the LNG plant cycle is investigated by improving the isentropic efficiency of the axial gas turbines that drive the axial compressors in the plant. The improved turbine with optimized casing is run at design conditions and off-design. The commercial software Cycle-Tempo [24] is used to evaluate the change in the cycle performance from using power turbines with a new contoured casing. This investigates the improvements in both the natural gas specific fuel consumption and the reduction in CO 2 emissions that can be achieved by using axial turbines fitted with the optimized non-axisymmetric casing in this cryogenic cycle application.
Baseline LNG plant
The schematic diagram of the Conoco-Philips optimized cascade LNG cycle is shown in Fig. 1 . The natural gas enters the cascade cycle from the inlet 10 at 37°C, it passes through three stages of refrigeration and exits liquefied from the outlet 18. The three main refrigeration cycles, utilized in this whole process, are the Propane refrigeration cycle, the Ethylene refrigeration cycle, and the Methane refrigeration cycle. The compressor of each refrigeration cycle is driven by a separate gas turbine. The coefficient of performance (C.O.P.) of the LNG cycle used in this work is defined as the ratio of the total heat absorbed by the three refrigerants to the total heat input to the power turbines that drive the three refrigerant cycles.
Improved cycle at design and off-design
In this work, gas turbines modified with an optimized contoured casing are used to increase the coefficient of performance of the Conoco-Philips liquefied natural gas (LNG) cryogenic cycle [4, 25] . The modified gas turbines are labelled as items 23, 32, and 38 in the cycle schematic of Fig. 1 , from Cycle-Tempo. The three gas turbines drive a cascade of three cooling cycles. Specifically, natural gas flows through a sequence of three refrigeration cycles, starting from the Propane cycle at the left end of Fig. 1 , which is then followed by the Ethylene cycle and by the Methane cycle at the right end of Fig. 1 . The Propane refrigeration cycle absorbs heat from the Natural Gas (NG), the superheated Ethylene and the superheated Methane by heat exchangers 6, 12, and 13 respectively. The Ethylene refrigeration cycle is used to remove heat from the NG that outflows heat exchanger 6, by heat exchanger 19, and from the superheated Methane, by the heat exchanger 25. The methane refrigeration cycle is the final process of the NG heat removal by heat exchanger 8 and the output from outlet 18 is LNG at −162°C. The Natural Gas (NG) is modelled as having the composition of Table 1 with a low calorific value CV f of 37,999 kJ/kg [24] .
To evaluate the C.O.P., two Cycle-Tempo models are built at the design and off-design operating conditions for the gas turbines. The models evaluate the changes in the flow state of the working fluid in the power turbines, items 23, 32, and 38 in Fig. 1 , by a conventional lumped mass thermodynamic cycle analysis [4] using constant property ideal gas assumptions through the compressors 14, 30, and 36, and through the turbines. Compressor and turbine isentropic efficiencies are used to account for irreversibility effects through these components. The axial compressors at entry of the propane, ethylene, and methane cycles, items 2, 15, and 4, are modelled in a similar way assuming an ideal gas working fluid and representative component isentropic efficiencies. The heat exchanges in the cycles, items 6, 8, 12, 13, 19, and 25, are modelled with adiabatic external walls, using a simple correlation between pressure drop and flow rate and a constant heat exchanger overall heat transfer coefficient [4] . The heat removed through the heat exchangers is estimated based on the change in the specific stagnation enthalpy of the working fluids, which includes non-ideal gas wet vapor latent heat effects [4] . The two models predict an increase in the C.O.P. of the LNG by increasing the turbine stage isentropic efficiency. Fig. 2 shows the LNG cooling curve from the design model, starting from NG at 37°C inlet temperature and 50 bar and ending as LNG at −162°C and 2 bar, as shown in Fig. 1 . The first heat exchanger of the 
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Propane cycle removes 33% of heat from the NG and outputs it at −45°C . The second heat exchanger of the Ethylene cycle absorbs about 50% of the heat from the NG and outputs it −101°C. The third heat exchanger removes the remaining 22% of heat from the NG by the Methane refrigeration cycle.
The turbine casing is contoured by the optimized guide groove of section 4.4. The C.O.P. is shown to increase by increasing the turbine efficiency η t by 2.923% at the design condition and by 2.05% at the offdesign condition defined in Section 4.3. These improvements in C.O.P. come from an increase in the mechanical turbine power output that drives the LNG cycle for the same natural gas flow rate feed to the gas turbines. This is based on the definition of C.O.P. as the ratio of the heat extracted from the NG to the heat supplied to the turbines that drive the cascade cycle
where ṁf is the total fuel mass flow rate and CV f is the low calorific value of the fuel. Eq. (1) shows that the C O P . . . is directly proportional to the turbine efficiency η t and, therefore, a gain in η t generates a proportional gain in C O P . . . It can be also seen from Eq. (1) that increasing the C O P . . . enables the extraction of heat from NG at the same rate at a lower fuel flow rate required to the turbines that drive the cascade cycle. This can reduce the amount of natural gas burnt for driving the cycle, which reduces the cost of producing LNG.
The stage isentropic efficiency is defined as [26] 
where P t is the average total pressure and T t is the average total temperature across specific axial planes. Subscript 0 denotes the upstream stator inlet plane and subscript 2 denotes the rotor exit plane. From Eq.
(2), a loss in total pressure reduces the ratio P P / t t 2 0 that increases the magnitude of the denominator in Eq. (2) and therefore decreases η stage . Hence, under the conditions of a constant specific work extraction rate from the rotor, a total pressure loss reduction leads directly to an increase in the stage isentropic efficiency. By improving the isentropic efficiency of the axial turbines within the cycle, the LNG cycle performance can be improved. Table 2 summarises the main performance data of the original plant versus that from the improved LNG plant at design conditions and offdesign. It confirms the above-stated trends in the context of the ConocoPhilips LNG cycle, which represents a possible real application of the technological improvements discussed in the remainder of this paper.
The next section shows a method for improving the cycle power turbine efficiency, by using a non-axisymmetric turbine stator casing that reduces the gas turbine secondary flow losses.
Improving the cycle power turbine by endwall contouring

Flow analysis by CFD
A steady three-dimensional RANS k-ω Shear Stress Transport (SST) model is built of the flow through the Aachen Turbine, which represents a power turbine in the LNG cycle of Fig. 1 . The model is implemented in OpenFOAM 3.2 Extend using multi-reference frames (MRF), one for the stator and one for the rotor, and mixing planes at the rotor-stator interfaces. Steady flow solutions are obtained using the steadyCompressibleMRFFoam solver of OpenFOAM 3.2 Extend. The k-ω SST turbulence model was chosen as it provides turbulence closure to the RANS equations at a lower computational cost than a full Reynolds stress model. RANS simulations of turbomachinery flows have used this model extensively, including on flows exhibiting boundary layer separation [27] . Wang et al. [28] compared the performance of different turbulence closure models for predicting secondary flows in turbomachines and determined that the k-ω SST turbulence model produced results closest to experiment on the basis of the predicted topological structure, the flow evolution process, and the extent of the secondary flows. This led to the selection of the k-ω SST model for this work, which requires evaluating the effect of endwall contouring on the secondary flows of an axial turbine. The flow domain of each blade row is assumed n-periodic in the circumferential direction, where n is the number of blades. Therefore, the computational domain is limited to one blade pitch, as shown in Fig. 6 .
A simple H-mesh topology is applied to the passages of the first and second stator and an O-mesh topology is applied to the rotor blade passage and to the rotor tip gap flow passage, which is labelled as "Tip clearance block" in Fig. 6 . Constant ratio mesh clustering is applied near all solid walls to get a near-wall resolution ≈ + y 1. Fig. 3 shows the average value of + y obtained by clustering the mesh cells over the casing, for 11 variations of the casing geometry. These include the optimized casing modelled at design and at off design conditions and a number of intermediate casing geometries used in the casing optimization cycle, shown by filled circles. By clustering the mesh close to the wall, Fig. 3 shows that a near-wall resolution of ≈ + y 1 is achieved and maintained through the optimization process, at design conditions and off-design.
At the computational domain inflow, dry air with a specific heat ratio γ = 1.4 and with a specific gas constant = R 287 J kg
supplied. The airflow is modelled as an ideal gas with constant specific heats. Sutherland's law is used to evaluate the air viscosity. The inflow over the casing features a fully developed compressible boundary layer, generated by the EDDYBL program of Wilcox [29] . At the outflow, a radial profile of static pressure is imposed, determined by radial equilibrium. Further details on the flow modelling, the test case, the computaional mesh, and the boundary conditions are given in Kadhim et al. [30, 31] . Fig. 4 shows by near-surface limiting streamlines the flow over the axisymmetric casing of the upstream stator, as predicted by CFD. The CFD model is shown to produce the typical flow structures that develop over the casing of an axial turbine [32] . The casing inflow boundary layer grows over the 143 mm long passage leading edge. As this approaches the blade leading edge, it forms a saddle point where it bifurcates, as indicated by the streamlines inside the small circle in Fig. 4(a) . Under the influence of the adverse pressure gradient from the blade potential pressure field, the oncoming boundary layer rolls-up, forming a horeseshoe vortex that wraps around the blade leading edge. Fig. 4(b) shows by ribbons the horseshoe vortex left and right arms wrapping around the blade, respectively on the pressure and suction sides. Fig. 4(b) shows that the bundle of ribbons labelled V ph crosses over to the suction side, under the influence of a pitchwise pressure gradient, where it tangles with the bundle of ribbons labelled V sh at approximately 0.55 axial chords from the leading edge. This interaction generates a larger vortex structure, called the passage vortex [32] . It is of interest to determine a non-axisymmetric design for the casing that delays this interaction and consequently reduces the adverse effects of these secondary flows. This is explored in Section 4.3.
Model validation
A mesh dependency study has been performed to investigate the effect of the spatial discretization on the flow predictions through the upstream stator. For this purpose, the grid convergence index (GCI) using Richardson's extrapolation, described by Roache [33] , was used. Three computational meshes were built to discretize the upstream stator with a constant refinement factor r m = 2. These are a 1.75 M cells coarse mesh, a 3.5 M cells intermediate mesh, and a 7 M cells fine mesh. In this work, two GCI are considered according to Wilcox [34] , based respectively on the averaged total pressure loss coefficient and on the averaged yaw angle. The averaged total pressure loss coefficient predicted by each mesh is 0.0561, 0.0570, and 0.0573. The corresponding values of the averaged yaw angle are 72.3°, 71.6°, and 71.3°. Table 3 shows that the GCI computed from the averaged total pressure loss coefficient predicted with the coarse mesh and that with the intermediate mesh is 0.987. This is higher than the GCI computed from the averaged total pressure loss coefficient predicted with the intermediate mesh and that with the fine mesh, which is 0.327. A similar reduction in GCI is obtained for the GCI based on the averaged yaw angle. This indicates a reduction in the mesh dependence in the simulations that use the intermediate mesh and the fine mesh. The spatial discretization numerical error used in the GCI computation is based on the difference between the predicted value ϕ i using the ith mesh and the one obtained from Richardson's extrapolation as
. Based on this mesh dependency study, the flow through the 1.5-stage turbine is modelled using 5,699,688 cells, which has about the same spatial resolution at that of the upstream stator intermediate mesh.
The validation of the baseline flow prediction with an axisymmetric casing cascade passage is obtained by comparison against measurements from RWTH Aachen [35] . To enable the direct comparison between experimental measurements and CFD predictions, the flow state is extracted from the CFD predictions at the same locations as where it is measured in the experiment. Fig. 5 shows the comparison between measured and computed flow Mach number distributions 8.8 mm behind the upstream stator, Fig. 5(a) , and 8.8 mm behind the rotor, Fig. 5(b) . These radial profiles have been pitch averaged using a simple average. The predicted radial profiles of Mach number in Fig. 5 (a) and in Fig. 5(b) appear to follow closely the measured Mach number profiles in experiment, as shown by the lines substantially overlapping the symbols across the full span. The Mach number distribution downstream of the rotor just above the hub, up to 10% of the blade span, is slightly under-predicted. The main trends in the experimental profiles appear to be well reproduced by the numerical model. This indicates that the CFD model is likely to be adequate for guiding the endwall casing design, which is the main purpose of this study, even if some discrepancies are acknowledged close to the rotor hub.
Non-axisymmetric upstream stator casing design
The Automated Process and Optimization Workbench (APOW) software is used to design and test by CFD the performance of a nonaxisymmetric casing for the upstream stator. This workflow is automated within APOW and it is the activity labelled as "CFD evaluation" in the optimization workflow of Fig. 8 . In this process, a contoured casing surface is generated in MATLAB and imported as non-uniform rational B-splines (NURBS) in ANSYS ICEM CFD where the computational domain is discretized. This is done while maintaining similar meshing parameters to obtain the same mesh quality as for the validation test case in Section 4.2. The ANSYS ICEM CFD unstructured mesh is converted to OpenFOAM by the Fluent3DMeshToFoam preprocessor of OpenFOAM. A guide groove is applied to the casing wall while the hub is left axisymmetric. The non-axisymmetric turbine upstream stator casing is parametrized on two main variables: The location of the maximum groove depth μ x θ ( , ) g along its path and the pitchwise width w x θ ( , ) te g of the groove at the blade trailing edge. The groove starts narrow at the stator leading edge and widens up to the stator exit. Fig. 6 shows an example of the new casing design imported in ANSYS ICEM CFD.
The diffusion surface design reported in Sun et al. [23] is used to compare the performance of the new endwall design to the literature. This design uses a cosinusoidal curve of half period in the circumferential direction to create a zone of flow diffusion near the blade suction side, to increase the pressure locally and thereby reduce the circumferential pressure gradient over the casing. A streamwise curve defines the amplitude of the cosinusoidal curve on different axial planes. This streamwise curve is defined as a non-uniform B-Spline with seven control points at specific axial positions. The first and the last Tip clearance block Fig. 6 . Non-asymmetric casing NURBS imported in ANSYS ICEM CFD. Fig. 7 . Optimization of the new casing design using the initial and adaptive sampling procedure, based on the stage total pressure loss coefficient.
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points are fixed at the leading and trailing edge while the radial coordinate of two selected points, shown as R ( ) 3 and R ( ) 5 in [23] , are used in the current optimization process.
The non-axisymmetric casing designs, optimized at the Aachen Turbine design point, are tested numerically at off-design by reducing the rotor speed from its design value of 3500 r.p.m. to 2510 r.p.m., which is known to cause a reduction in the turbine isentropic efficiency due to higher secondary flow losses [36] .
Contoured casing endwall optimization
The small set of parameters used in Section 4.3 to define the casing contour shapes renders the APOW optimization process more treatable than alternative optimization methods that use a larger parameter set. The computer aided optimization workflow used in this study is shown in Fig. 8 . The stage total pressure loss coefficient C ptr is used as the objective function. The design space is sampled by the Optimal Latin Hypercube design technique in APOW. Kriging is used to generate a surrogate model of the pressure loss coefficient, from the C ptr determined by CFD at the design space sampled points. The percentage difference between the optimal total pressure loss prediction from Kriging and that from CFD is used as the criterion for implementing an adaptive sampling procedure as shown in the workflow of Fig. 8 . The adaptive sampling technique involves using the same set of initial sampling points (10 points) within the region of 10% of the minimum total pressure loss contour in Fig. 7 . This places more sampling points around the initial optimized point, which leads to more accurate predictions from the Kriging model in this region. Fig. 7 shows the response function of the optimization method, for the new design, stated in terms of the stage total pressure loss coefficient using the initial and adaptive sampling procedure. The minimum value of C ptr shown in Fig. 7 identifies the optimum values of the design variables w x θ ( , ) te and μ x θ ( , ). The validated CFD model of the Aachen Turbine provides the baseline for assessing the effectiveness of implementing the optimized non-axisymmetric casing. Fig. 9(a and b) show the mid-span to casing radial distributions of the yaw angle α 1 8.8 mm downstream of the upstream stator exit and of the pitch-averaged total pressure loss coefficient C ptr 8.8 mm downstream of the rotor exit. α 1 and C ptr are compared between the baseline, the casing with the optimized new contour, and the casing with the optimized diffusion contour. The yaw angle distribution in Fig. 9 (a) shows over-turning above the design yaw angle of 70°near the casing. The optimized new contour for the casing mitigates this over-turning. Fig. 9(b) shows that, as this overturning is reduced, the pitch mass-averaged total pressure loss is reduced near the casing, at the expense of a small additional loss further outbound. The peak contribution to the total pressure loss coefficient is higher by the diffusion design and the new design is shown to be significantly more effective than the diffusion design in reducing the flow over-turning close to the casing, resulting in a more spanwise uniform yaw angle.
A further insight into the through-flow at off-design conditions is provided by Fig. 10 , which shows contours of axial vorticity at 8.8 mm Fig. 10(a) , seems to be mitigated by the use of the optimized grooved casing design, while a slight decrease in (−ω x ) can be seen using the diffusion design. By the diffusion casing design, the size and peak magnitude of an area of (+ω ) x centered at y = −0.013 and z = 0.295 is shown in Fig. 10(b) to reduce compared to the baseline axisymmetric casing predictions of Fig. 10(a) . The groove contoured casing design appears to be less effective at improving this flow area, as Fig. 10 (c) shows a lower peak magnitude (+ω ) x but not a reduced size of this region of high ω x .
The three-dimensional flow field inside the rotor passage is characterized by a tip leakage vortex from the unshrouded rotor blade and by the interaction of the upstream stator secondary flow with the passage vortex, as also assessed independently by experiment in [37] . Fig. 11 visualizes the evolution of the secondary flows over the rotor casing towards the exit of the passage, which is where the passage vortex forms and grows. The local flow is visualized by the entropy distribution at different axial planes. Fig. 11(a) shows the predicted pattern through a rotor that is preceded by a stator with the baseline axisymmetric casing. Fig. 11(b) shows instead the predicted pattern for the case in which the rotor is preceded by a stator with the optimized contoured casing of Fig. 6 . It can be seen that the entropy production 'core' caused by the tip leakage vortex that forms near the blade suction side tip reduces in peak value and in cross-section in Fig. 11(b) compared to Fig. 11(a) . This is likely to indicate a reduction in the tip leakage vortex strength. The tip leakage reduction is likely to be driven by the reduction in the stator exit angle at the casing shown in Fig. 9 that off-loads the rotor tip. This reduces the pressure difference between the rotor tip suction side and the rotor tip pressure side, which is the main driving force for the rotor tip leakage. This visualization confirms that a more spanwise homogeneous stator outflow obtained by contouring the stator casing has a beneficial effect on the passage flow through the rotor.
Predicted potential for reducing CO 2 emissions
Assuming a constant heat extraction rate from the LNG cycle, C.O.P. predictions are obtained from the Cycle-Tempo model of Section 3 with a variable natural gas fuel mass flow rate. The fuel mass flow rate is changed to maintain the same turbine mechanical power output value, as the turbine stage isentropic efficiency is changed by the application of the casing end-wall design detailed in Section 4.3.
The LNG cycle performance can be improved by improving the stage isentropic efficiency of the axial turbines. The C.O.P. is increased by 2.923% at the design condition and by 2.05% off-design. This results in reducing the cost of producing liquefied natural gas, based on the inlet condition of NG at 50 bar inlet pressure and 37°C inlet temperature, and the outlet conditions of LNG at 2 bar outlet pressure and −162°C outlet temperature. At the cycle outlet, LNG is ready for storage and shipping in cryogenic tanks. A reduction in the cost of liquefaction of natural gas can therefore be achieved by reducing the amount of NG that is consumed by the gas turbines in the cycle.
The evaluation of the environmental impact of retro-fitting turbines with the optimized new casing design to the Conoco-Philips LNG cycle are evaluated using the stoichiometric chemistry species balance detailed in Boyce [38] . One kmol of fuel generates 0.0324 kmol of CO 2 according to the following molar chemical balance: 
The molar weights of NG and the CO 2 are 18.5978 kg/kmol and 44.0 kg/kmol respectively. Therefore, based on Eq. (3), the complete combustion of 1 kg of NG generates 0.076654 kg of CO 2 at design point. Given that the LNG cycle in Fig. 1 utilizes 3 .777 kg/s of fuel [39] , it emits 0.096508 kg/s of CO 2 , which is equivalent to 3043.466 tonnes of CO 2 /year. By reducing the fuel consumption by 1.509%, the corresponding reduction in CO 2 is 165.545 tonnes of CO 2 /year.
This measures the direct environmental advantage of utilizing the new casing design technique of Section 4.3 in a representative cryogenic application. Further indirect advantages will emerge from savings in the processing and in the transportation costs of the fuel consumed by the gas turbine cycles as well as savings in the treatment of the exhaust gasses before these are discharged to the atmosphere.
Conclusion
A newly designed casing endwall with a guide groove was tested by CFD to improve the aerodynamic performance of a 1.5 stage axial turbine. The endwall is predicted to improve the off-design stage isentropic efficiency by 0.97% compared to a 0.087% improvement by a more conventional diffusion-based endwall design. Numerical flow visualizations appear to support the underlying principle of the nonaxisymmetric casing design, namely that the groove guides the pressure-side horseshoe vortex branch, delaying the passage vortex formation. The outcome is the suppression of low-energy flow close to the casing, which is replaced by flow of greater streamwise momentum that turns closer to the stator design outflow angle. This decreases the rotor tip loading on the subsequent blade row, reducing adverse rotor tip leakage effects. An indication of a suppressed rotor tip leakage vortex through the turbine with the contoured casing is given by a reduced entropy distribution at the rotor tip outlet, which potentially benefits any subsequent downstream blade row. The ensuing performance gains therefore appear to be well-grounded in beneficial flow mechanisms taking place through the turbine. Four positive implications can be concluded based on the use of the new casing design:
• The new design and its automated optimization workflow were shown to have the potential for improving the isentropic efficiency of a 1.5 stage axial turbine, which could be used as a power turbine for the production of liquefied natural gas (LNG). Based on the predicted stage isentropic efficiency increment, the coefficient of performance of the LNG cycle modelled by Cycle-Tempo software was estimated to increase by 2.923% at design and by 2.05% offdesign.
• The LNG cycle that uses the new casing design reduced the gas turbine specific fuel consumption and therefore the amount of burnt natural gas that is required for the gas turbine to produce the same work output. The specific fuel consumption decreased by 1.5% at design and by 0.55% off-design.
• A projection of the reductions in CO 2 emissions from the cycle that uses the modified gas turbine was obtained. The industry-wide adoption of this technology would have significant economic and environmental impacts.
• Finally, a reduction in the LNG production cost is achievable as the amount of natural gas burnt per LNG output is reduced. 
